Bidirectional signaling between oocytes and granulosa cells is required for normal folliculogenesis. Oocyte-secreted members of the transforming growth factor beta (TGFB) family, growth differentiation factor 9 (GDF9), and bone morphogenetic protein 15 (BMP15) are well-known mediators of granulosa cell function. Deletion in granulosa cells of Smad4, the common SMAD mediating all canonical TGFB-related protein signals, results in infertility. Reciprocal signaling by granulosa cellexpressed TGFB family ligands, such as activin, to the oocyte during follicle development has been proposed but not tested in vivo using conditional knockout mice. Therefore, we generated two oocyte-specific conditional knockout models for the common SMAD, Smad4, using cre recombinase expression from either the zona pellucida 3 (Zp3) or Gdf9 promoter. Cre expression from the Gdf9 promoter occurs at a slightly earlier time point in follicle development than from Zp3. Deletion of Smad4 using Zp3cre had no effect on fertility, while deletion of Smad4 with Gdf9icre resulted in a slight, but significant, reduction in litter size. These mouse models suggest a novel, although minor, role for Smad4 in the oocyte restricted to the primordial follicle stage.
INTRODUCTION
In mammals, folliculogenesis involves bidirectional paracrine signaling between oocytes and the somatic cells that surround them [1] [2] [3] . Oocyte-produced secreted factors include growth differentiation factor 9 (GDF9) and bone morphogenetic protein 15 (BMP15), which act to regulate granulosa cell growth and differentiation. In turn, granulosa cells produce factors such as kit ligand [4, 5] to support and regulate the growing oocyte, ultimately preparing it for reproductive competency. In order to achieve bidirectional communication, cells must work within a tightly controlled network of ligand and receptor expression and activation. The TGFB-SMAD pathway is one of the signaling pathways integral to ovarian function [6] [7] [8] [9] . Oocyte and granulosa cell growth can be disconnected, though the resulting phenotype is infertility and disease [10] [11] [12] .
The canonical signaling pathway for the TGFB family uses SMAD transcription factors that are phosphorylated and activated upon ligand binding to a complex of cell surface serine threonine kinase receptors. The majority of null mutations in the mouse Smad genes results in embryonic lethality, with the exception of Smad3 and Smad8 [13] [14] [15] [16] [17] [18] [19] . Conditional mutations in granulosa cells have been generated for Smad1, Smad2, Smad3, Smad4, and Smad5, with only Smad4 and some combinations of double conditional (dKO) mutants displaying reproductive phenotypes [20] [21] [22] . Conditional granulosa cell deletion of Smad2 and Smad3 (Smad2 Smad3 dKO) or Smad4 (Smad4 cKO) causes female infertility with defects in follicle development and ovulation [20, 21] , while conditional deletion of Smad1 and Smad5 (Smad1 Smad5 dKO) results in subfertility and development of metastatic granulosa cell tumors [22] .
Functional studies suggest that TGFB-related ligands, particularly activin, might act directly on oocytes. Activin receptors are present on developing oocytes in postnatal follicles from multiple species [23] [24] [25] , and activin increases meiotic maturation and fertilization of oocytes [26, 27] . However, SMAD4 localizes to the oocyte cytoplasm in secondary follicles from human ovaries, suggesting at a minimum that the pathway is not active in some stages [28] . SMAD4 is also detected in oocytes of mouse ovaries from the primordial stage to later stages [21] . Autocrine activity for oocyte-expressed GDF9 or BMP15 has not been reported, though oocytes express the appropriate receptors Bmpr2, Acvr2, Acvr1/Alk2, Bmpr1a/Alk3, Bmpr1b/Alk6, and Tgfbr1/Alk5 at various times during folliculogenesis and in multiple species [23, [28] [29] [30] [31] [32] . Tgfb1-null female mice are infertile, with multiple reproductive defects including oocyte incompetence, which has been attributed to intra-ovarian oocyte growth defects [33] , but it is unclear if these are direct or indirect effects.
Oocyte-specific deletion of any Smad gene has not been reported. Therefore, we generated oocyte-conditional null mice for Smad4 using two well-known oocyte-restricted cre recombinase-expressing lines: Zp3cre [34] and Gdf9icre [35] . Conditional deletion of Smad4 in oocytes with Zp3cre failed to alter female fertility; however, deletion with Gdf9icre caused a small but statistically significant reduction in overall fertility. No tumors developed in either line. These data suggest that there may be a minor role for Smad4 in oocytes prior to the primary follicle stage, but overall, Smad4 does not play a critical role in development of the oocyte during folliculogenesis in mice.
MATERIALS AND METHODS

Generation of Smad4 Conditional Knockout Mice
Experimental animals were maintained on a C57BL/6/129S7;SvEvBrd mixed hybrid background and used in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory animals using Institutional Care and Use Committee-approved protocols at Baylor College of Medicine. Generation of the Smad4-null allele has been described previously [14] . Experimental mice (Smad4 flox/À ;creþ) were generated by crossing Smad4 flox/flox females with Smad4 þ/À Zp3creþ or GDF9icreþ males (except in studies used to determine whether recombination occurred in the female germline). Heterozygous Smad4 flox/À mice have normal fertility [21] . Control animals were of the siblings from the same crosses, except that they were negative for the cre allele. For recombination experiments, Smad4 flox/þ cre-positive females were crossed to Smad4 flox/flox males. Mice were genotyped using genomic tail DNA and PCR primers as previously described [14, 36] .
Fertility Studies
Individually housed female mice of each genotype were bred at 6 wk of age to wild-type C57BL/6J;129S7/SvEvBrd hybrid males with known fertility. The number of litters and number of pups were recorded over a 6-mo period. Males were removed from the breeding cage, and ovaries were collected from the females after the last litter was born and weaned.
Histological Analysis
Mice were anesthetized by isoflurane inhalation then euthanized by cervical dislocation. Ovaries were collected and fixed in 10% neutral buffered formalin (VWR, West Chester, PA) overnight, processed, and embedded in paraffin by the Pathology Core Services Facility at Baylor College of Medicine using standard protocols. Ovaries were serially sectioned at 5 lm and stained with periodic acid-Schiff (PAS)-hematoxylin (Sigma, St. Louis, MO).
Superovulation Experiments
Female mice (3 to 4 wk old) were given i.p. injections of 5 IU equine chronic gonadotropin (eCG; VWR) for 46 h, followed by 5 IU human chorionic gonadotropin. Mice were euthanized the following morning, and oocytes were collected from the oviduct into M2 medium (Invitrogen, Carlsbad, CA) with 1 mg/ml hyaluronidase (Sigma) and counted following removal of the cumulus cells.
Immunofluorescence
Eight-week-old female mice were given an i.p. injection of 5 IU eCG for 44 h. Animals were euthanized by cervical dislocation, and cumulus-oocyte complexes were recovered into M2 medium by puncturing large antral follicles with a needle. Cumulus-oocyte complexes were denuded by being drawn up and down with a thin Pasteur pipette. Denuded oocytes were washed three times in PBS to remove media and were subjected to immunofluorescence according to the previously published procedure [37] using a rabbit monoclonal FIG. 1. Recombination of the Smad4 conditional allele using Zp3cre or Gdf9icre as a deleter strain and loss of SMAD4 protein in oocytes. Female mice of the genotype Smad4 flox/þ Gdf9icre (A) or Smad4 flox/þ Zp3cre (C) were crossed to Smad4 flox/flox males, and the offspring were genotyped (lanes 3-6, A and C). Presence of the null allele in genomic DNA from tails of the offspring (A, lanes 4 and 5; C, lanes 3, 5, and 6) was used to demonstrate that recombination occurs in the germline of female mice using either cre line. No offspring were recovered of the genotype Smad4 flox/flox , suggesting that all ovulated eggs either contained the female wild-type allele or the female recombined allele (n ¼ 35 for offspring of Smad4 flox/þ Gdf9icre females; n ¼ 19 for offspring of Smad4 flox/þ Zp3cre females). B, D) Representative immunofluorescence staining of SMAD4 in GV-stage oocytes collected from control and mutant mice. Nuclear DNA was stained with Hoechst. All images were taken at the same exposure and magnification (3400).
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anti-SMAD4 antibody (1:100; 1676-1; Epitomics Inc., Burlingame, CA). A minimum of 10 oocytes was processed for each genotype.
RESULTS
Generation of Mice with Oocyte-Specific Deletion of Smad4 in Developing Follicles
To inactivate Smad4 in oocytes, we crossed Smad4 flox/flox mice to two oocyte-specific cre recombinase lines, Gdf9icre [35] or Zp3cre [34] , and generated Smad4 flox/À Gdf9icreþ mice and Smad4 flox/À Zp3creþ mice. Littermates without cre (Smad4 flox/À ) served as controls within each cre line. Gdf9icre deletes floxed alleles in oocytes beginning at the primordial follicle stage, while Zp3cre deletes floxed alleles in oocytes at the next (primary) follicle stage [35] . Recombination was observed for both cre deleter strains as demonstrated by the appearance of a PCR band corresponding to the recombined (null) allele in offspring of Smad4 flox/þ cre-positive females (Fig. 1, A and C) . Furthermore, loss of SMAD4 protein in oocytes was confirmed by immunofluorescence of germinal vesicle (GV)-stage oocytes collected from antral follicles (Fig.  1, B and D) , as well as in ovarian tissue sections (Supplemental Fig. S1 available online at www.biolreprod.org). ) and experimental (Smad4 flox/À Zp3creþ and Smad4 flox/À Gdf9icreþ) females beginning at 6 wk of age to wild-type males continuously for 6 mo. No significant difference in litter size or in the numbers of litters per month was seen between Smad4 flox/À mice with or without Zp3cre (Fig. 2) . In contrast, deletion of Smad4 using Gdf9icre resulted in a 29% reduction in the number of pups born per litter over the 6-mo breeding period ( Fig. 2A) as compared to the controls. However, the number of litters per month was unchanged in all mice (Fig.  2B ). In addition, there was no statistically significant agerelated decline in the fertility (i.e., Smad4 flox/À Gdf9icreþ female mice breeding at 1-3 mo had a similar average litter size [7.0 6 0.8] to that of the Smad4 flox/À Gdf9icreþ female mice breeding at 4-6 mo [6.0 6 0.8]). No genotype developed infertility during the breeding period. These data suggest that the primordial follicle pool is not affected or depleted during the breeding period in animals with cre-positive genotypes. This is supported by histologic data demonstrating the presence of primordial follicles in Gdf9icreþ at over 10 mo of age ( Because the number of pups per litter decreased in Smad4 flox/À Gdf9icreþ females during natural cycles, we examined whether there were differences in ovulation rates. Control and experimental mice at 3-4 wk of age were pharmacologically superovulated, and ovulation rates were determined by collecting oocytes from the oviducts. There were no differences between the number of oocytes ovulated in Smad4 flox/À females with or without Zp3cre (Fig. 4) . While females from the Gdf9icre colony produced fewer eggs than those from the Zp3cre colony (likely due to differences in genetic background), there was no statistical difference between female Smad4 flox/À mice with or without Gdf9icre OOCYTE DELETION OF SMAD4 (Fig. 4) . Ovarian histology in all genotypes was similar, and analysis of Smad4 flox/À Zp3creþ and Smad4 flox/À Gdf9icreþ after superovulation or at older ages did not reveal any qualitative differences, as follicles at all stages as well as corpora lutea (CLs) could be visualized in histological sections of PAS-stained ovaries (Fig. 3 and Supplemental  Fig. S1 ).
DISCUSSION
The aim of this study was to analyze the role of the canonical SMAD pathway in oocytes during intraovarian follicle development. Using two oocyte-specific cre recombinase lines, we demonstrated that only conditional oocyte deletion of Smad4 beginning at the primordial follicle stage alters female fertility, as indicated by a slight reduction in the LI ET AL. numbers of pups per litter for experimental female mice with expression of cre recombinase from the Gdf9 promoter. However, ovarian histology was similar to controls, CLs and primordial follicles remained visible at later ages, and mutant females ovulated the same number of oocytes as control mice. These data indicate that oocyte SMAD4 is likely dispensable for overall fecundity in female mice, but may have a minor and as yet uncharacterized function in oocytes at the early stages of folliculogenesis that regulates litter size.
Bidirectional communication between the oocyte and its surrounding granulosa cells is key to oocyte development. The requirement for various oocyte (i.e., GDF9 and BMP15) and granulosa cell-derived (i.e., activins) members of the TGFB family on granulosa cell development is well established [10, [38] [39] [40] . SMAD4 is considered a ''common'' SMAD, which signals in a complex with either SMAD2/3 or SMAD1/5/8. Deletion of Smad4 should result in attenuation of signaling for all TGFB family ligands expressed during the process of folliculogenesis. For instance, when Smad4 is conditionally deleted in granulosa cells using cre recombinase expression from the Amhr2 locus, mice undergo premature ovarian failure with a wide range of follicle developmental defects, particularly with cumulus cell development and expansion [21] . Because TGFB-related ligands are secreted, they have the potential for both paracrine and autocrine effects. Support for a functioning SMAD pathway in oocytes is suggested by studies that show oocytes contain nuclear phosphorylated (i.e., activated) SMAD2/3 and SMAD1/5/8 at all developmental stages during folliculogenesis in the mouse [41] and that SMAD4 is also expressed in oocytes [21, 42] . However, our current data on deletion of Smad4 using Zp3cre suggest that the SMAD pathway is unimportant after the primary follicle stage and later. The data suggest, alternatively, that loss of SMAD4 at these later stages is possibly compensated by another pathway or even that SMAD4-independent SMAD signaling predominates in developing oocytes.
Both the Smad4 Zp3cre and Smad4 Gdf9icre colonies were maintained on a mixed, though similar, genetic background (C57BL/6/129S7;SvEvBrd). Use of a hybrid background has both benefits and limitations, but it has been shown that hybrid strains, as opposed to inbred strains, may show less variability in some biological assays [43] . However, to limit potential confounding effects of genetic background, we made comparisons between littermates of the same colony (i.e., positive and negative for Zp3cre or positive and negative for Gdf9icre) and not between colonies. However, there is no difference in litter size of control females between colonies (Zp3cre or Gdf9icre), suggesting that the genetic background alone is not having an effect on litter size. Thus, the small, but reproducible, effect of Smad4 deletion in Gdf9icre is thus likely due to deletion of Smad4 at the earlier stage in these mice.
Both Zp3cre and Gdf9icre are well-established oocytespecific cre recombinase models for mice [44] with slightly different expression patterns of cre [35] . Gdf9icre expresses cre recombinase in oocytes from primordial follicles to later follicle stages, whereas Zp3cre expression begins in oocytes at the primary follicle stage [34, 35] . Neither expresses cre recombinase in somatic cells of the ovary [35] . We used both these lines because the stage-specific expression of cre recombinase in oocytes can significantly affect the phenotype. For instance, deletion of Pten using Gdf9icre results in premature activation of the primordial follicle pool and premature deletion of the follicles as adults [45] . In contrast, deletion of Pten using Zp3cre has no effect on follicle development and results in normal female fertility [46] . Similarly, the requirement for Smad4 in the oocyte likely occurs before the primary follicle stage, as only deletion of Smad4 by the use of Gdf9icre, and not Zp3cre, uncovered this effect.
In summary, our data demonstrate that Smad4 plays a minor role in oocyte development during folliculogenesis, in contrast to its critical role in the development of the embryo [14] or in granulosa cells during folliculogenesis [21] . A role of the TGFB family has not yet been described within oocytes during intraovarian folliculogenesis, but our data showing a stagespecific subfertility phenotype suggest a function for SMAD signaling in the oocyte at the primordial to primary stage. 
OOCYTE DELETION OF SMAD4
